Introduction
Photosynthesis is an imperative biological phenomenon, which bestows growth and development of plants. It converts light energy to useful chemical energy required for many metabolic processes (Pan et al., 2012; Ashraf and Harris, 2013) . Disturbed photosynthesis and alteration of the ultrastructure of chloroplasts are prime symptoms of metal toxicity. Metal ions restrict the functioning of several photosynthetic enzymes and the electron transport chain (Garg and Aggarwal, 2011) . Abiotic stresses result in retardation of the photosynthetic rate by modulating stress-induced stomatal and nonstomatal limitations (Rahnama et al., 2010; Ahmad et al., 2011) . Inhibition of photosynthesis in response to abiotic stresses such as drought, temperature, salinity, and heavy metal stress is well documented (Pirzad et al., 2011) . Heavy metals, when present at higher concentrations than the optimal level, are considered toxic to plants (Garg and Aggarwal, 2011) . Irreversible inactivation of electron transport and phosphorylation of thylakoid membranes have been reported under the effect of high concentrations of inorganic salts (Mittal et al., 2012) . Heavy metals are reported to have a direct association with acceptor sites of photosystem II (PSII) and eventually result in disruption of the electron transport chain (Patsikka et al., 2001) . Lead is a highly toxic heavy metal that is persistent in the environment for a very long period of time due to its nonbiodegradable nature and is a major concern for environmentalists (McComb et al., 2012) . Significant effects of Pb on various plant processes have long been reported, the most prominent being a decline in seed germination and retarded growth of roots and shoots. The lowered photosynthetic rate in response to Pb toxicity is attributed to disruption of organelles' ultrastructures, retardation of chlorophyll and carotenoid content, and inhibition of electron transport (Stefanov et al., 1995) .
Brassinosteroids (BRs) have an extensive range of physiological functions under stressed and even normal environmental conditions (Sharma et al., 2008) . Studies on the application of 24-epibrassinolide (EBL) and 28-homobrassinolide show significant changes in plant metabolism, growth, and productivity of crops (Sharma et al., 2011) . Membrane stability, increased photosynthetic efficiency, and osmotic regulation are major mechanisms by which BRs are known to increase abiotic stress tolerance (Bajguz et al., 2010) . Salicylic acid (SA) belongs to a unique class of endogenous plant growth regulators that are phenolic in nature and has an important role in modulating various physiological and metabolic processes (Dong et al., 2015) . It plays a significant role in signal transduction in order to magnify the tolerance to heavy metal stress. SA has been reported to have antistress effects under biotic and abiotic stresses. Lee et al. (2014) reported that SA has a prominent role in modulating the photosynthetic machinery by affecting stomatal closure, chloroplast structure, and activities of photosynthetic enzymes such as carbonic anhydrase and RuBisCo (ribulose-1,5-bisphosphate carboxylase/oxygenase). Plant hormones have been reported to interplay in stressed conditions, including abscisic acid, gibberellins, SA, jasmonic acid, ethylene, and BRs (Vicente and Plasencia, 2011) . Application of BRs has been reported to enhance two significant components of the SA biosynthetic pathway, including NPR-1 (nonexpressor of pathogenesisrelated genes 1) and the WRKY70 transcription factor, in Arabidopsis thaliana plants under temperature and salinity stress (Divi et al., 2010) . These components elevate the tolerance of plants to heat and salt stress. Another important observation by Deng et al. (2016) suggested the significant role of BRs in enhancing tolerance to biotic stress by enhancing the activity of SIPK (SA-induced protein kinases)m eventually resulting in activation of the Nb(MEPK2-SIPK) pathway (Nicotiana benthamiana plants mitogen activated protein kinases-2-SA-induced protein kinases pathway).
A number of studies have been conducted to observe the potential of EBL and SA individually as ameliorators of metal toxicity. However, the interactive potential of EBL and SA is yet to be studied in Brassica juncea plants under Pb metal stress. Keeping in mind the influence of the interplay of BRs and SA in modulating physiological and defense response mechanisms in plants under abiotic and biotic stress conditions, the present work was designed to observe the synergistic effects of EBL and SA treatments in B. juncea L. plants under Pb stress with changes in photosynthetic efficiency and gene expression.
Materials and methods

Study material
Seeds of Brassica juncea L. var. RLC-1 were procured from the Seed Technology Division of Punjab Agriculture University, Ludhiana, India.
Plant cultivation/growth
The seeds were surface-sterilized with 0.01% HgCl 2 for 2 min followed by rinsing 5 times with distilled water. The surface-sterilized seeds were then presoaked in three different hormonal solutions including 10 -7 M EBL, 1 mM SA, and a combination of EBL + SA for 8 h. The exogenous concentrations of both hormones were selected on the basis of growth promotion of seedlings. These were then sown in earthen pots containing a mixture of soil, sand, and manure at a ratio of 3:1:1. These pots were of uniform size and contained 5 kg of soil mixture. Before sowing the seeds, treatment with different concentrations of lead (0.25 mM, 0.50 mM, and 0.75 mM, selected on the basis of IC 50 value) was given to soil. The plants were allowed to grow in earthen pots under natural conditions (5-10 °C) and they were harvested after 30, 60, and 90 days. The experiment was conducted in triplicates under the same conditions.
Growth parameters
Shoot and root lengths were observed 30, 60, and 90 days after seed sowing.
Photosynthetic pigment content
Total chlorophyll content was estimated by the method given by Arnon (1949) . The absorbance of the supernatant was recorded at 645 nm and 663 nm.
Carotenoid content was measured according to the method proposed by Maclachlan and Zalik (1963) . The procedure of carotenoid estimation was similar to chlorophyll estimation except that the absorbance was recorded at 480 nm and 610 nm. 2.5. Gas exchange parameters Gas exchange parameters such as net photosynthetic rate (Pn), intercellular CO 2 concentration (Ci), stomatal conductance (gs), and transpiration rate (E) were recorded using a portable photosynthetic system unit, LI-COR 6400 (LI-COR Instruments, USA). The measurements were taken between 1000 and 1200 hours on a sunny day.
Phenolic compound analysis
Total phenol content was determined by the method given by Singleton and Rossi (1965) . The absorbance of the sample was read at 765 nm.
Flavonoids were estimated by the method proposed by Zhishen et al. (1999) . Absorbance was read at 510 nm.
Anthocyanin content was determined by following the method of Mancinelli (1984) . The absorbance of the supernatant was read at 530 nm and 657 nm.
Gene expression analysis
Gene expression analysis of the chlorophyllase enzyme [CHLASE gene, AAN51934.1 (forward primer-5' GAATATCCGGTGGTGATGCT 3' , backward primer-5' TCCGCCGTTGATTTTATCTC 3'], phytoene synthase enzyme [PSY gene, AEN94302.1 (forward primer-5' TGGGTTGGTAAGGGCTGTAG 3' , backward primer-5' CGCTCGAAGACACAACACTC 3'], chalcone synthase [CHS gene, ABQ95969.1 (forward primer-5' CAAGGCGGAGAAGATGAGAG 3' , backward primer-5' CATCTTCCGCAGACTTCCTC 3'], and phenylalanine ammonia-lyase [PAL gene, GQ505065.1 (forward primer-5' AAACTCCGTCAACGACAACC 3' , backward primer-5' AGCGAACATGAGCTTCCCTA 3'] was done on 30-day-old samples. A fresh plant sample of 100 mg was used to extract total RNA by the TRIzol method as given by the manufacturer's instructions (Invitrogen). Total RNA was extracted, out of which 1 µg of total RNA was further used for reverse transcription with RNA to cDNA with a cDNA kit (Invitrogen).
Primers were designed via GenBank and EMBL mRNA sequences. An actin gene (HM565958.1, forward primer-5' CTTGCACCTAGCAGCATGAA 3' , backward primer-5' GGACAATGGATGGACCTGAC 3') was used as a control (Sharma et al., 2017) . Processing of genes was done in triplicate. This was followed by performing qualitative real-time PCR (qRT-PCR) with the Step One real-time detection system of Applied Biosystems and Power SYBR Green PCR Master Mix of Thermo Fisher Scientific. At the termination of the PCR cycle, a melting curve was derived. The quantification of mRNA was done by the method given by the Livak and Schmittgen (2001) .
Statistical analysis
To apply valid statistical analysis, three replicates of each treatment for independent experiments were taken. The results were statistically analyzed using two-way analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) test. Values are presented in the form of mean ± standard deviation (SD) of the mean and were considered significant at P ≤ 0.05 and 0.01. (Figure 1 ).
Results
Growth parameters
Plant pigment contents
The present study revealed that exposure to Pb resulted in the decline of pigment contents including chlorophyll and carotenoids. Total chlorophyll content of 30-, 60-, and 90-day-old plants was lowered by 35.92%, 43.61%, and 33.14%, respectively, in 0.75 mM Pb-treated plants in 23.32% in 60-day-old plants, and by 109.32% and 39.81% in 90-day-old plants, respectively. Variation in contents of total phenol and flavonoids is represented in Table 3 and anthocyanin content is represented in Figure 3. 
Gene expression analysis
The observations on gene expression analysis reflected a drastic elevation in CHLASE gene expression in 0.75 mM Pb-treated plant samples in comparison to the control. An enhancement of 3.211-fold was observed in the expression of the CHLASE gene. Similar elevations in expression of the CHS and PAL genes were observed at 2.483-fold and 2.297-fold, respectively. Gene expression analysis of the PSY gene showed a decline of 0.822-fold in 0.75 mM Pb-treated plants in comparison to the control. Treatment with the combination of EBL and SA in 0.75 mM Pbstressed plants resulted in lowering the expression of the CHLASE gene by 1.879-fold in comparison to plants treated with 0.75 mM Pb alone. Expression of the PSY, CHS, and PAL genes were further enhanced by 6.357-fold, 6.053-fold, and 6.042-fold, respectively, in similar treatments (Figure 4 ).
Discussion
Lead, highly toxic, is the most abundant ubiquitously present metal in soil (Andra et al., 2010) . It is accumulated in aboveground parts, especially leaves, and subsequently sequestered in tissues, such as in stomatal enzymes, acyl lipid membranes, and chloroplast structures, resulting in modulation of PSI and PSII . The present results showed that Pb treatment resulted in significant decline in the growth of shoots and roots. The results accorded with the studies of Lamhamdi et al. (2013) in wheat and spinach plants under Pb-stressed conditions. This might have resulted from a decline in the uptake of various essential elements such as Mg, Ca, Na, and K and inhibition of cellular metabolism including cell division and expansion (Jazi et al., 2011) . Specifically, Pb has been reported to damage the ultrastructure of the microtubules present in actively dividing meristamatic root cells (Jiang et al., 2010) . It was also revealed in the present investigation that combined treatment with EBL and SA led to enhancement in the growth of stressed plants, which corroborates with the findings of Jazi et al. (2011) in Brassica napus and Dong et al. (2015) in Gossypium hirsutum plants. The enhancement in growth by exogenous application of EBL in the present study might be due to its ability to improve cell division, expansion, and elongation (Shahid et al., 2011) . Total chlorophyll and carotenoid content was recorded to be lowered as a result of the increase in the concentration of Pb, a pattern similar to the findings of Bhatti et al. (2013) , who showed significant decline in total chlorophyll, chlorophyll a, and chlorophyll b contents in various wheat varieties under Pb metal stress. A strong decline in carotenoid content in cotton plants under Pb metal stress was reported by Bharwana et al. (2014) . According to Bhatti et al. (2013) , decline in chlorophyll contents can possibly be due to Pb toxicity, which resulted in inclusion of Fe ions instead of Mg ions in the central phytoporphyrin ring of chlorophyll, consequently resulting in imbalance in nutrient uptake such as Mg and Fe, which eventually results in reduction in chlorophyll content. Sarangthem et al. (2011) suggested that a decline in chlorophyll content might be due to downregulation of synthesis of δ-amino levulinic acid dehydratase (ALA-dehydratase) as well as protochlorophyllide reductase, both enzymes essential for de novo synthesis of chlorophyll. Similarly lowered ALAdehydratase activity was observed in radish leaves under Pb, Hg, Zn, and Cd stress (Morsch et al., 2002) . The decline in contents of plant pigments in the present study could be interrelated with the enhancement in expression of the CHLASE gene (chlorophyllase enzyme) and the decline in the PSY gene (phytoene synthase) in the present study.
Combined treatment with EBL and SA in stressed plants resulted in an elevation in the content of chlorophyll and carotenoids. Similar reports of enhancement in chlorophyll contents were accounted by Verma et al. (2012) in groundnut supplemented with EBL. BRs also promote xylem differentiation by increasing the sensitivity of plants to auxin, which in turn increases the photosynthetic efficiency of the plants. In addition to this, they have a role in several light-and hormone-regulated photosynthetic metabolisms such as expression of light-regulated genes, promotion of cell elongation, and floral induction (Rashid, 1991) . Moreover, Gaballah and Rady (2012) reported that exogenous application of SA ameliorates the harmful effects of Pb metal on chlorophyll content and further suggested that the mitigating effect of SA at the seedling stage is due to its ameliorative role in reducing the accumulation of ROS. The decline in expression of the CHLASE gene with combined treatment of EBL and SA led to a corresponding Table 3 . Effect of different concentrations of Pb (0.25 mM, 0.50 mM, and 0.75 mM), EBL (10 -7 M), and SA (1 mM) and their interactions on total phenolic and flavonoid content of 30-, 60-, and 90-day-old plants of B. juncea L. *: P < 0.05, **: P < 0.01.
Treatment
Total phenolic content (mg g E-7+ SA E-7+ SA E-7+ SA decline in chlorophyllase activity, which eventually resulted in increased chlorophyll content in the present study. Also, exogenous application of EBL and SA led to enhancement in carotenoid content. Elevation in carotenoid contents might be due to enhanced expression of the PSY gene. Retardation in contents of gas exchange parameters were recorded in response to Pb metal stress. Similar retardation in contents of gas exchange parameters was reported by Bharwana et al. (2014) in cotton seedlings. It was revealed that increase in Pb stress (100 µM) resulted in decline in gas exchange parameters including photosynthetic rate, stomatal conductance, and transpiration rate. Khan et al. (2015) suggested a decline in all gas exchange attributes including cellular CO 2 , stomatal conductance, net photosynthetic rate, and transpiration rate in tomato plants under abiotic stress conditions. Another reason for lowered photosynthetic rate is damage caused to photosynthetic pigments eventually resulting in lowered light-absorbing capacity of both photosystems (Zhang et al., 2011) . The present study revealed that the combined treatment of EBL and SA resulted in further enhancement in all gas exchange parameters. Similar observations of enhancement in photosynthetic gas exchange parameters were reported by Xia et al. (2009) application of BRs. Enhancement in parameters such as photosynthetic rate by 29% and stomatal conductance by 18% with exogenous supplementation with EBL in saltstressed pea plants was reported by Shahid et al. (2011) . Upregulation of net CO 2 assimilation was reported in mustard seedlings supplemented with 10 µM SA. Farriduddin et al. (2003) suggested that the increase in net photosynthetic rate might be due to enhanced chlorophyll content and activity of photosynthetic enzymes such as nitrate reductase and carbonic anhydrase.
Phenolic compounds are believed to be the most significant group of secondary metabolites (Jung et al., 2003) . The increase in total phenol content in response to Pb treatment can be attributed to enhanced levels of enzymes involved in de novo synthesis of phenolic compounds (Winkel-Shirley, 2002) . Flavonoid content was also observed to be enhanced in response to Pb metal treatment in a dose-dependent manner. Flavonoids primarily function as antimetal toxic antioxidants and bioutilizers of metals. They form conjugates with metal complexes and transition metals (Michalak, 2006) . They also play protective roles against various environmental stresses by scavenging ROS (Mourato et al., 2012) . According to Korkina (2007) , the enhanced levels of phenolic compounds might be due to metal-induced activation of the phenylpropanoid pathway. Exogenous treatment with the combination of EBL and SA led to further enhancement in contents of total phenols in stressed plants. BRs have been reported to trigger accumulation of phenolic compounds under Cr stress (Choudhary et al., 2011) in plants. Enhanced phenolic compound content in response to EBL treatment might be due to lowered ROS accumulation under Pb stress by enhancing the antioxidative capacity of plants. Recent reports also suggested the role of SA in the synthesis of secondary metabolites (Idrees et al., 2013) . Chalcone synthase (CHS) plays an imperative role in de novo synthesis of anthocyanins, and in the present experiment, the expression of CHS was observed to be increased by combined treatment with EBL and SA. The enhanced contents of anthocyanins might be due to the modulation of CHS by EBL and SA. Additionally, Lauan et al. (2013) also reported that BRs upregulated the genes that are responsible for the biosynthesis of anthocyanins.
Based on the presented data, it is suggested that Pb has toxic effects on growth parameters, photosynthetic attributes, and gene expression. It is obvious from the results that Pb treatment, even at low concentrations, induces large disturbances in the growth as well as physiology of plants, including a decline in photosynthetic pigments and ion uptake, consequently resulting in reduced growth. It was also demonstrated from the results that BRs and SA can be effectively used for alleviating Pb metal stress in B. juncea plants. Future studies will be aimed at searching for the mechanisms responsible for improved protection of B. juncea plants against deleterious Pb metal stress and insight into the interactive role of EBL and SA application in stressed plants.
